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Abstract
Phytoplankton blooms dominated by cyanobacteria that occur annually in hypereutrophic Upper Klamath Lake, Oregon, produce microcystins at concentrations that may contribute to the decline in populations of endangered Lost River (Deltistes luxatus) and shortnose (Chasmistes brevirostris) suckers. During 2007-09, water samples were collected from Upper Klamath Lake to determine the presence and concentrations of microcystins and cylindrospermopsins and to relate the spatial and temporal occurrences of microcystins to water quality and other environmental variables. Samples were analyzed for intracellular (particulate) and extracellular (dissolved) microcystins and cylindrospermopsins using enzyme-linked immunosorbent assays (ELISA). Samples contained the highest and most variable concentrations of microcystins in 2009, the year in which an earlier and heavier Aphanizomenon flos-aquaedominated phytoplankton bloom occurred. Concentrations were lowest in 2008 when the bloom was lighter, overall, and delayed by nearly 1 month. Microcystins occurred primarily in dissolved and large (> 63 µm) particulate forms in all years of the study, and overall, concentrations were highest at MDT (the deepest site in the study) and HDB, although HDB was sampled only in 2007 and MDT was not sampled in 2008. Comparisons among daily median total microcystin concentrations; chlorophyll a concentrations; total, dissolved, and particulate nutrient concentrations; and nutrient ratios measured in 2009 and between 2007 and 2009 indicate that microcystin concentrations generally increase following the decline of the first A. flos-aquae-dominated bloom of each season in response to an increase in bioavailable nitrogen and phosphorus. Nitrogen fixation by A. flos-aquae early in the sample season appears to provide new nitrogen for growth of toxigenic Microcystis aeruginosa, whereas, later in the season, these species appear to co-exist. Understanding the ecological interactions between these species may be important for predicting periods of elevated cyanotoxin concentrations and has important implications for management of this lake.
Background
Two historically abundant, endemic fishes inhabiting the Upper Klamath Basin, Oregon, the Lost River sucker (Deltistes luxatus) and the shortnose sucker (Chasmistes brevirostris), were listed as endangered under the Federal Endangered Species Act in 1988 by the U.S. Fish and Wildlife Service following sharp declines in abundance, range reductions, and evidence that recruitment into the spawning population had decreased from historical levels (U.S. Fish and Wildlife Service, 1993; National Research Council, 2004) . In addition to overharvest, habitat alteration, and the presence of nonnative fish species (U.S. Fish and Wildlife Service, 2002) , the observed decline in these populations has been attributed to water quality degradation resulting from massive cyanobacterial blooms (Williams, 1988; Buettner and Scoppettone, 1990; Scoppettone and Vinyard, 1991; Perkins and others, 2000) , which occur annually from June through October in Upper Klamath Lake. High rates of photosynthesis during bloom periods elevate lake water pH (9.5 and higher; Kann and Smith, 1999) , and decomposition during bloom declines increases concentrations of un-ionized ammonia (> 0.5 mg/L) and dissolved nutrients (Hoilman and others, 2008; Lindenberg and others, 2009 ). This seasonal cycle of cyanobacterial growth and decline also causes oxygen concentrations to fluctuate from supersaturation to near anoxia (dissolved oxygen concentrations less than 1 mg/L; Wood and others, 2006) , depending on the magnitude of the bloom decline (Kann and Welch, 2005) .
In addition to contributing to poor water quality conditions through photosynthetic activity and bloom decomposition, several genera of bloom-forming, freshwater cyanobacteria also produce secondary metabolites that are toxic to a wide range of aquatic organisms, including fish (reviewed in Falconer, 1999) . Hepatotoxic microcystins, first isolated from Microcystis aeruginosa (Krishnamurthy and others, 1986) , are the most abundant and frequently occurring of these compounds (Carmichael and others, 1986; Yu, 1989; World Health Organization, 2006; Erdner and others, 2008) and have been implicated in human, livestock,
Spatial and Temporal Dynamics of Cyanotoxins and Their Relation to Other Water Quality Variables in
Upper Klamath Lake, Oregon, 2007-09 domestic animal, and wildlife illness and death in more than 20 countries worldwide and in at least 36 U.S. states, including Oregon (Carmichael, 1994; Sivonen and Jones, 1999; Graham and others, 2009 ). More than 80 microcystin variants have been identified (Welker and Von Döhren, 2006) , which vary in toxicity by an order of magnitude (Sivonen and Jones, 1999) . Microcystins are nonribosomally synthesized cyclic heptapeptides produced by strains (subspecies) of many cyanobacterial genera, including Microcystis (Krishnamurthy and others, 1986) , Anabaena (Harada and others, 1991) , Oscillatoria (Meriluoto and others, 1989) , Gloeotrichia (Carey and others, 2007) , and Pseudanabaena (Oudra and others, 2002) , all of which have been identified in water samples from Upper Klamath and Agency Lakes (Kann, 1997; Asarian, Aquatic Ecosystems Sciences LLC, unpub. data, 2008 and 2009; B.H. Rosen, U.S. Geological Survey, unpub. data, 2009; Eldridge and others, unpub. data, 2010) . Blooms containing these genera may contain both toxic (with microcystin synthetase, mcy, gene clusters) and nontoxic (without the mcy genes) strains, which can not be distinguished from each other by microscopy. The nitrogen (N 2 )-fixing (diazotrophic, ability to convert nitrogen gas to ammonia) Aphanizomenon flos-aquae generally comprises more than 90 percent of the cyanobacteria biovolume (Kann, 1997) in Upper Klamath Lake during periods of high bloom density. Members of the Aphanizomenon genus have been shown to produce cylindrospermopsins and several neurotoxins in laboratory cultures (Carmichael, 1997; Preussel and others, 2006; Graham and others, 2008 ), but they have not been shown to produce microcystins, and there is currently no evidence that A. flos-aquae produces toxins in the Upper Klamath or Agency Lakes (Carmichael, 2000) . Therefore, although A. flos-aquae is the dominant cyanobacterium in this area, it is not likely to be the microcystin producer here.
The colony-forming, unicellular M. aeruginosa has been directly linked to microcystin occurrence in Upper Klamath Lake and in downstream reservoirs and was first reported in water samples from Upper Klamath Lake in July 1996 (Jacoby and Kann, 2007) . The Oregon Department of Health and Health Canada used high performance liquid chromatography (HPLC) and enzyme-linked immunosorbent assays (ELISA) to show the presence of microcystins in dietary supplements produced from A. flos-aquae collected exclusively from Upper Klamath Lake (Gilroy and others, 2000; Lawrence and others, 2001) . In a later study, Saker and others (2007) used multiplex polymerase chain reaction (PCR) to simultaneously detect a fragment of the microcystinsynthetase gene cluster (mcyA) and the partial 16S rRNA gene sequence specific to Microcystis in these supplements. The results of this study showed that M. aeruginosa was the most abundant microcystin-producer in the dietary supplements tested (Planktothrix sp. also was identified as a microcystinproducer) and supported previous reports that Microcystis (mostly M. aeruginosa) co-occurs with A. flos-aquae in Upper Klamath Lake (Carmichael, 2000) . Microcystis is not capable of nitrogen fixation, unlike A. flos-aquae, and is dependent on ammonia and other nitrogen sources for growth. Therefore, the availability of nitrogen may contribute to the occurrence of Microcystis colonies and microcystins in Upper Klamath Lake.
In 2007, the U.S. Geological Survey continued monitoring water quality throughout Upper Klamath Lake (a project that began in 2002; Wood and others, 2006) and began a preliminary study to determine the seasonal and spatial occurrence of cyanotoxins in the lake and to determine statistical relations between microcystin concentrations and other water quality variables. In addition, the U.S. Geological Survey conducted parallel studies to determine the pathological effects of cyanotoxins on juvenile Lost River and shortnose suckers in Upper Klamath Lake (VanderKooi and others, 2010) . Between July and September 2007, histopathology consistent with microcystin exposure (Malbrouck and Kestemont, 2006) was identified in 49 percent (n = 47) of age-0 suckers collected from 11 shoreline locations throughout the lake (VanderKooi and others, 2010) . Multiple organ necrosis was identified in a greater percentage of individuals captured in the northern region of the lake than in the southern region. In summer 2008 (July-September), age-0 suckers (n = 103) collected from five geographic areas in the lake were examined for histopathology. Evidence for organ damage was absent in two areas and observed in less than 20 percent of fish collected in other areas. As in the previous year, fish captured in the northern region of the lake exhibited the highest occurrence of organ damage. These regional differences may be due to variation in the dose, exposure duration, and time since exposure to toxins in the lake. A gut analysis of juvenile fish collected in 2008 (n = 45) showed that all suckers observed had ingested chironomid (midge) larvae which, in turn, appeared to contain colonies of M. aeruginosa and filaments of A. flos-aquae in their digestive tracts (M. aeruginosa was found in all ingested chironomid larvae and A. flos-aquae was found in approximately 20 percent of the larvae; B.H. Rosen, U.S. Geological Survey, unpub. data, 2008) . The juveniles examined had completed the ontogenetic (developmental) shift to benthic feeding, so these chironomid larvae were most likely ingested from lake sediments. Histological examinations of these fish revealed numerous gastro-intestinal lesions consistent with microcystin exposure (Malbrouck and Kestemont, 2006) , which were observed regardless of whether liver necrosis also was present (VanderKooi and others, 2010) . The observed histopathology did not indicate a bacterial or parasitic etiology, although infection from an undetected virus or chronic effects of ammonia toxicity could not be ruled out. These fish most likely were exposed to microcystins by ingestion and not by absorption of these compounds through their gills.
Cyanotoxin concentrations may vary widely between sites and depths within a single lake or during a sampling season and between years. Such spatiotemporal variation generally results from indirect environmental influences on the presence and abundance of toxigenic strains (Kurmayer and others, 2003; Kurmayer and Christiansen, 2009) , and from the direct effects of the environment on cellular rates of microcystin production, which are determined by cyanobacterial community structure, growth stage, and nutrient dynamics (Reynolds, 1998; Jacoby and others, 2000) . Changes in cellular microcystin production rates and the abundance of toxigenic M. aeruginosa strains have been documented on a seasonal basis in reservoirs downstream of Upper Klamath Lake Corum, 2009, 2010; Bozarth and others, 2010) . Determining which environmental factors, direct or indirect, have the greatest effect on naturally occurring communities of mixed cyanobacteria populations is difficult. However, studies have shown that microcystin production is favored by factors that regulate population growth (Orr and Jones, 1998) , including limitation by phosphorus (Trimbee and Prepas, 1987; Jacoby and others, 2000) , nitrogen (Jones and Jones, 2002; Downing and others, 2005; Moisander and others, 2009) , and light (Wicks and Thiel, 1990; Wiedner and others, 2003) , among others. Although microcystins are contained primarily within the cells that produce them, dissolved microcystins can be detected during early stages of bloom development (Sedmak and Elersek, 2006) because cellular excretion and lysis occur continually throughout the growth cycle (Hughes and others, 1958) . However, the highest concentrations of dissolved microcystins commonly are detected during bloom senescence and decomposition (Park and others, 1998) . Therefore, in the present study, an elevated concentration of dissolved microcystins was considered indicative of a decline in the M. aeruginosa population.
Study Area
Upper Klamath Lake, located within the Klamath Graben structural valley at the base of the Cascade Mountains (eastern slope) in south-central Oregon, is a naturally occurring, large and shallow water body with a surface area of 232 km 2 and an average depth of 2.8 m ( fig. 1 ). More than 90 percent of the lake is less than 4 m deep, but the western shoreline between Eagle Ridge and Buck Island (crossing the entrance to Howard Bay) reaches depths of up to 15 m. The Williamson River, which enters the lake from the north, contributes, on average, approximately 46 percent of the total inflowing water to the lake annually (Johnson, 1985) . The lake's drainage basin is 9,415 km 2 and is composed of phosphorus-rich, volcanic soils. The Upper Klamath Lake system has been eutrophic since at least the mid-1800s (the earliest known records), but major changes in land use and hydrology of the watershed and lake over the past century, including forest clear-cutting, cattle grazing in upstream flood plains, degradation of riparian corridors, and the conversion of neighboring wetlands to flood-irrigated pasture and agricultural fields (Klamath Tribes, 1994) , have intensified eutrophication and increased the biomass of cyanobacteria (primarily of a single species, A. flos-aquae) that bloom during the summer and autumn (Bortelson and Fretwell, 1993; Bradbury and others, 2004; Eilers and others, 2004) . Although the lake occurs naturally, it is artificially controlled. Upper Klamath Lake has been the primary water source for the Klamath Project, which has supplied water to agricultural areas within the Upper Klamath Basin since the completion of the Link River Dam at the southern outlet of the lake in 1921 (Bureau of Reclamation, 2000) . This has allowed regulation of lake water levels and volume that has resulted in more extreme fluctuations in annual surface water elevation (as much as 1 m between early spring and late summer), although, in recent years, the overall maximum and minimum elevations have been similar to predam conditions.
Purpose and Scope
The purpose of this report is to characterize and compare cyanotoxin concentrations in water samples collected from Upper Klamath Lake during the 2007 through 2009 field seasons. The physical and chemical characteristics of study sites are summarized to determine if relations exist among the spatial and temporal distributions of microcystins and other environmental variables in Upper Klamath Lake, including dissolved and total nutrients; chlorophyll a; particulate carbon, nitrogen, and phosphorus; water temperature; pH; dissolved oxygen; wind speed; site depth; and water column stability (relative thermal resistance to mixing, RTRM). Nutrient, chlorophyll a, continuous monitor, and meteorological data obtained through the long-term monitoring program are included here to provide context for microcystin analyses, but are described in Kannarr and others (2010) . Results of this study will contribute to understanding the environmental influences on the occurrence of cyanotoxins, specifically microcystins, in Upper Klamath Lake, which is critical for effective lake management and understanding the causes of apparent high mortality rates in juvenile Lost River and shortnose suckers. Water samples for chlorophyll a, TN, and TP analyses were integrated by collecting lake water in two 1-L vented bottles held in a weighted cage that was dropped at a constant rate from the surface to 0.5 m from the sediment at shallow sites (< 10.5 m), and to 10 m from the surface at deep sites (> 10.5 m). Samples were mixed in a churn splitter and divided into separate fractions for each type of analysis. Samples analyzed for dissolved nutrients (ammonia, orthophosphate, and nitrite plus nitrate) were collected at discrete depths to identify sources (benthic or water column) of these nutrients for the long-term monitoring project. To do this, a hose was lowered to one-half the water column depth at shallow sites and at two points, one-quarter and threequarters the water column depth, at deep sites. Lake water was drawn into the hose by a peristaltic pump, passed through a 0.45-µm capsule filter attached to the hose end, and collected into sample bottles. Total particulate carbon and nutrient (TPC, TPN, and TPP) samples were also collected at discrete depths and in the same manner as the dissolved nutrient samples, but with the capsule filter removed. Water samples for particulate carbon and nutrient analyses were filtered at the U.S. Geological Survey Klamath Falls Field Station on 25-mm (precumbusted for TPC and TPN) or 47-mm (for TPP and PIP), 0.7-µm pore size, glass microfiber filters (GF/F, Whatman, Inc., Piscataway, N.J.) and shipped overnight to the University of Maryland Chesapeake Bay Laboratory (CBL), Solomons, Maryland. Once received, samples for TPC and TPN analyses were processed according to EPA Method 440.0 (U.S. Environmental Protection Agency, 1997), and TPP concentrations were analyzed according to Aspila and others (1976) . Samples for the measurement of PIP were extracted in an acidic medium and analyzed according to the method of Aspila and others (1976) . Further processing and analyses of chlorophyll a, total nutrients, and dissolved nutrients are described in Kannarr and others (2010) . Nutrient (total and dissolved) and chlorophyll a samples collected in 2009 were processed as in 2008.
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From June 16 to August 3, 2009, and during all samplings in 2007 and 2008, cyanotoxin samples were collected by depth integration (described above), transferred from the churn splitter to 1-L amber, high density polyethylene (HDPE) bottles, and immediately stored on ice. Samples collected on August 10, 2009, and thereafter were collected by depth integration at the shallower sites, MDN, WMR, and RPT, and at two points, one-quarter and three-quarters the water column depth, at the deeper sites, MDT and EPT, using a hose and peristaltic pump (the same method as for particulate nutrient sample collection). Samples collected in all years were shipped overnight to the U.S. Geological Survey, Columbia Environmental Research Center (CERC), Columbia, Mo. Once received, samples were kept on ice in a walk-in cooler and processed within 24 hours. Samples for quality-assurance determination also were collected, and the results of this analysis are presented in appendix A. Continuous water-quality monitors (YSI, Inc., Yellow Springs, Ohio) were deployed each year at sites shown in table 1 to measure water temperature, dissolved oxygen, pH, and specific conductance according to Lindenberg and others (2009) . Monitors were positioned vertically 1 m from the lake bottom at all sites, except site WMR, and an additional sonde was placed on the same mooring 1 m from the lake surface at the deeper sites, MDN, EPT, and MDT. Water column stability was calculated as the median relative thermal resistance to mixing (RTRM) using data collected by the upper and lower sonde at site MDN. RTRM was determined by comparing the water column density gradient (based on the temperature difference between the upper and lower sondes) to the density difference between 4 and 5°C (Jones and Welch, 1990; Kann and Welch, 2005) . In 2009, only the lower sonde (1 m from the bottom) was deployed at site EPT. The depth at site WMR is less than 2 m, so the sonde at this site was placed horizontally at one-half the water column depth. Calibration, maintenance, and data handling were performed following standard procedures outlined in Wagner and others (2006) . Meteorological data were collected from the floating station at site MDL as described in Lindenberg and others (2009) and Kannarr and others (2010) .
Cyanotoxin Analysis
Water samples were fractionated (filtered) at CERC to determine the relative contributions of different phytoplankton size classes to the total cyanotoxin concentration in each sample. Samples were first filtered with a 63 µm sieve to isolate large cyanobacterial filaments and colonies. The small fraction, 1.5-63 µm, representing smaller forms, was collected by filtering the 63-µm fraction filtrate onto pre-weighed ProWeigh ™ glass fiber filters (Environmental Express, Mt. Pleasant, S.C.). The filtrate from this step was considered the dissolved fraction and retained for determination of dissolved microcystin (< 1.5 µm) concentrations. Prior to extraction, both the large and small particulate fractions were freeze-dried and weighed. In 2007, samples were extracted three times with 5 mL of 50 percent aqueous methanol and 0.1 percent trifluoroacetic acid for 5 minutes by ultrasonication. The extracts were centrifuged at 10,000 revolutions per minute (rpm) for 15 minutes, and the supernatant was filtered through a 0.45-µm nylon syringe filter or a 0.45-µm UniPrep™ syringeless glass microfiber (GMF) filter (Whatman Inc., Piscataway, N.J.). In 2008 and 2009, freeze-dried biomass (containing the large particulate fraction) and filters (containing the small particulate fraction) were extracted using a Dionex Accelerated Solvent Extraction System, ASE 200 (Dionex Corporation, Sunnyvale, Calif.) in 5-mL sample cells and using the parameters reported in Aranda-Rodriguez and others (2005) . The cells were prepared by tamping a glass fiber filter (Fisher G2; 1 µm, cut to size with a cork borer) into the exit end of each cell and filling it half full of glass beads (Kimble Kimax KG-33; 3 mm) for filter extraction or with Hydromatrix for extraction of raw water filtrate.
The samples were dried under nitrogen to remove methanol and resuspended in 10 mL deionized water. Diluted (1/100) extracts were analyzed in 96-well microtiter plates for determination of microcystin and cylindrospermopsin concentrations using congener-independent enzyme-linked immunosorbent assays (ELISA; kit 520011, Abraxis, LLC, Warminster, Pa.) following the manufacturer's protocol. Absorbances of the samples at 450 nm were determined within 15 minutes after addition of the final solution.
Concentrations were determined from a regression of the mean absorbance of calibration standards, and were analyzed in duplicate (duplicate blanks were included) at the same time as the samples. Total microcystin or cylindrospermopsin concentrations were determined by summing the particulate and dissolved concentrations (Graham and Jones, 2007) . Concentrations in all size fractions were calculated volumetrically to facilitate comparisons and to calculate total microcystin concentrations. However, because the route of exposure to affected suckers in Upper Klamath Lake is likely through ingestion, concentrations of cell associated microcystins also were expressed as mass per dry weight of suspended solids. Dissolved fractions of both toxins were not analyzed in 2007, and cylindrospermopsin concentrations were not measured in 2009. Therefore, total concentrations described for 2007 may be underestimates. Samples collected in 2007 and 2008 contained cylindrospermopsins near or less than the detection limit and are not described further in this report. The detection limit for the microcystin assay is 0.10 ppb (µg/L), and the detection limit for the cylindrospermopsin assay is 0.05 ppb. Values less than 0.1 µg/L that are not censored (as < MQL) are considered detections, although they appear to be less than the detection limit since the aqueous concentrations were calculated from the total extracted biomass and sample volumes. Cyanotoxin data are available in appendix B.
Data Analysis
Maximum-likelihood estimation (MLE) of summary statistics for datasets with censored values have been shown to produce estimates with large bias and poor precision for small (n < 15) sample sizes (Gleit, 1985) . Therefore, for this reason and for simplicity, values equal to or less than the detection limit were considered equal to the detection limit for determination of median values. This method also was used for statistical analysis, because only 13 percent of the samples (all years combined) collected between July 7 and September 14 (the sampling period common to all study years, hereafter referred to as July-September) contained dissolved microcystins less than the detection limit, and no samples contained microcystins in the large particulate fraction at concentrations less than the detection limit during that time; small particulate (cell associated) microcystin data were not used in statistical analysis.
Changes in cyanotoxin, nutrient, and chlorophyll a concentrations over time were compared by calculating the daily median values of these variables measured in water samples from all sites on each sample date. Analyses of water temperature, pH, and dissolved oxygen concentration or percent saturation were based on the median value of 24 hourly measurements made at all sites on each sample date. Interannual comparisons of cyanotoxin data were based on daily median values of concentrations determined in samples from all sites on each sample date between July and September. Inter-and intra-annual comparisons of cyanotoxin concentrations measured between sites were based on daily median values at each site between July and September.
Correlations between microcystin concentrations in the dissolved and large particulate (> 63 µm) fractions and environmental variables were determined using Spearman rank order correlation analysis; correlations were considered significant at p < 0.05 and near significance at p < 0.1. Due to the low concentration (maximum values between 0.03 and 0.07 µg/L), relative to those in the dissolved and large particulate fractions, microcystins within the small particulate (1.5-63 µm) fraction and cylindrospermopsins were not included in comparisons with environmental variables. All microcystin, chlorophyll a, and nutrient data collected at sites MDN and WMR, the only sites commonly sampled from 2007 to 2009, were used in interannual correlations. Interannual correlations with data collected from continuous monitors (water temperature, pH, and dissolved oxygen concentration or percent saturation) were based on the median of 24 hourly measurements collected on each sample date. For interannual correlations, all data collected in 2007 and 2008 were included, but only data collected on corresponding sample dates in 2009 were used in order to weight the years evenly. Intra-annual correlations were based on median values of data collected at all sites on each sample date in 2009. Correlations with wind speed were based on the median of 24 hourly measurements made on each sample date at meteorological station MDL.
Interannual Variability, 2007-09
Seasonal and interannual fluctuations in Upper Klamath Lake water quality and associated environmental parameters frequently reflect changes in A. flos-aquaedominated phytoplankton biomass as measured by the photosynthetic pigment, chlorophyll a, and may be important for understanding the occurrence of cyanotoxins in the lake. Indicators of bloom decline and cell senescence include decreases in chlorophyll a concentrations, pH, and dissolved oxygen concentrations that accompany decreased photosynthetic activity (and active decomposition), and an increase in dissolved nutrient concentrations as cells lyse in the water column. In addition, year-to-year variability in the severity of these changes may be strongly related to weather (Perkins and others, 2000; Kann and Welch, 2005) . Periods of bloom decline often coincide with periods of sustained high temperature and low wind, which increases water column stability (Kann and Welch, 2005) . In years when a severe midseason bloom decline is observed, the decline is accompanied by the seasonal maximum water temperature (Wood and others, 2006; Hoilman and others, 2008; Lindenberg and others, 2009; Kannarr and others, 2010) .
Chlorophyll a and Nutrients
Water quality and meteorological data collected in 2007 and 2008 and used in this study are discussed in Kannarr and others (2010) . Temporal changes in the median values of a subset of water quality parameters that are hypothesized to influence the presence of, or short-term changes in the occurrence of, cyanotoxins are summarized in figure 2 Total nitrogen to total phosphorus (TN:TP) ratios indicate potential for phytoplankton nutrient limitation, and low TN:TP values (less than 29 by weight; Smith, 1983) are often associated with cyanobacterial success (Smith, 1983; Paerl, 1988; Jacoby and others, 2000) . TN:TP ratios greater than 17, by weight, and chlorophyll a to total phosphorus ratios (chlorophyll a:TP) greater than 1, by weight, have been measured in phosphorus-limited lake systems (Forsberg and Ryding, 1980; White, 1989; Graham and others, 2004) , including Upper Klamath Lake, where previous data generally show potentially phosphorus-limiting conditions early in the sampling season (late June and early July; Lindenberg and others 2009). In a study of 30 waste-receiving lakes sampled with high frequency over a 6-year period (4,500 samples), nitrogen was the most growth-limiting nutrient at TN:TP ratios less than 10 (Forsberg and Ryding, 1980) . In addition, laboratory experiments have shown decreased amounts of microcystins under low phosphorus conditions (Sivonen and Jones, 1999) , and recent studies using environmental samples show strong correlations between microcystin concentrations or M. aeruginosa cell densities and levels of total phosphorus (microcystin-LR in particulate form; Kotak and others, 2000; Downing and others, 2001; Chen and others, 2009) or total nitrogen (Downing and others, 2001 
Dissolved Oxygen, pH, and Temperature
Dissolved oxygen and pH data collected from continuous monitors provide high-resolution measurements of water quality resulting from growth and decline of the A. flos-aquaedominated bloom. Rapid growth phases were indicated in 2007 by supersaturated dissolved oxygen concentrations prior to the first week in July, between the last week in July and first week in August, and after the first week in September. Undersaturated dissolved oxygen concentrations (less than about 90 percent) and slightly lower pH signified bloom declines for 2 weeks in mid-July, at the end of August, and into early September ( fig. 4 ; Kannarr and others, 2010) . In 2008, undersaturated dissolved oxygen concentrations and lower pH in late May indicated a minor bloom decline, although the first major decline did not occur until mid-August and for a shorter time period in mid-September ( fig. 4 ; Kannarr and others, 2010) . Based on the degree of undersaturation and the relatively small decrease in pH, bloom declines in 2007 and 2008 were less severe than in 2009, when a large, mid-season decline occurred during the last 2 weeks in July ( fig. 4) , coinciding with the seasonal minimum in dissolved oxygen (2.45 mg/L) and pH (7.30; fig. 4 ). As previously noted, when a large mid-season bloom decline occurs, minimum dissolved oxygen concentrations and pH values are observed within a few days of the seasonal maximum water temperature (Hoilman and others, 2008; Lindenberg and others, 2009; Kannarr and others, 2010) . Therefore, the bloom cycle in each year of this study can be qualitatively summarized between
July and September as: two declines in 2007 that culminated in mid-July and early September, a relatively extended, mild bloom decline in 2008, which occurred during the last 3 weeks of August, and a major bloom decline in 2009 that progressed throughout July and was most severe in the second half of that month. This description is broadly consistent with results of chlorophyll a analysis in samples collected once every 2 weeks from a larger set of eight sites in Upper Klamath Lake by the Klamath Tribes, Chiloquin, Oregon (Kann, 2010) .
Cell Associated Microcystins
Preliminary data suggest that exposure of juvenile suckers to microcystins in Upper Klamath Lake is through ingestion, either through the food chain or by direct consumption of toxigenic cyanobacteria strains (VanderKooi and others, 2010) . Therefore, it may be important to understand how microcystin concentrations vary between the particulate (intracellular, or cell associated) and dissolved (extracellular) phases. In all years, microcystins in the large (> 63 µm) particulate fraction, representing filamentous and (or) large planktonic colonies, were more concentrated than microcystins within the small (1.5-63 µm) particulate fraction (table 2) 
Dissolved Microcystins
Samples collected in 2009 contained higher (by more than five times) and more variable concentrations of dissolved microcystins (median = 1.49 µg/L) than the 2008 samples (median = 0.27 µg/L; table 2), although 15 percent of the samples collected in 2009 contained dissolved microcystins less than the detection limit (dissolved microcystins were detected in all 2008 samples, but sampling began later that year). In 2008, microcystins were primarily in the dissolved fraction (85.8 percent), but in 2009, dissolved microcystins comprised less than one-half of the total microcystin concentration (43 percent of the total concentration was in the dissolved form, and 56 percent was in the large particulate fraction; table 2; fig. 5 ). Concentrations in 2008 remained less than 1 µg/L at all sites except MDN, where the concentration was just over 1 µg/L on 2 sample dates, July 14 (1.10 µg/L) and September 22 (1.4 µg/L), and, like particulate fraction microcystins that year, did not follow a recognizable trend. It is, therefore, difficult to interpret the meaning of the higher percentage of dissolved microcystins that year, particularly because the regulation of toxin production in cyanobacteria is not well understood and the microcystin content of individual cells may be highly variable. However, toxins are released into the water column primarily following death and senescence of a toxigenic bloom, so it is likely that higher dissolved microcystin concentrations in 2008 represent longer or more frequent periods of decline in the microcystin-producing population. In 2009, dissolved microcystin concentrations were less than 0.2 µg/L through July 14. After July 14, the concentrations at all sites except site RPT increased over the next 3 weeks to their seasonal maximum concentrations (fig. 2) [Microcystin values less than 0.1 µg/L (not censored) were detected, but appear to be less than the method quantitation limit after calculating aqueous concentrations from the total extracted biomass and sample volumes. 
Relations Between Microcystin Concentrations and Other Water Quality Variables
Correlation analysis was performed to identify potentially important associations between microcystin concentrations measured from 2007 to 2009 and environmental factors that have been previously associated with microcystin occurrences in other systems and with the growth and decline of A. flosaquae (these factors may similarly influence growth and decline of toxigenic M. aeruginosa) in Upper Klamath Lake. Laboratory studies of batch culture incubations, for instance, show that high concentrations of nitrogen and phosphorus in freshwaters may favor the growth of toxic Microcystis strains over nontoxic ones (Vézie and others, 2002) . In addition, many experimental studies have shown that intracellular microcystin content or M. aeruginosa growth is favored by elevated concentrations of phosphorus accompanied by low nitrogen to phosphorus ratios (Schindler, 1977; Kotak and others, 2000; Xie and others, 2003; Rantala and others, 2006; Chen and others, 2009 ); increases in total or dissolved inorganic nitrogen (Te and Gin, 2011) ; increases in nitrogen and phosphorus (Vézie and others, 2002; Wilhelm and others, 2011) ; higher water temperature and pH (Dokulil and Teubner, 2000; Jacoby and others, 2000; Te and Gin, 2011) ; or dissolved oxygen concentrations (Te and Gin, 2011 ). In the current study, correlation analysis was performed with total microcystin concentrations and with the dissolved and large (> 63 µm) particulate fractions separately to determine if changes in tested parameters correlated with microcystins during the different stages of a potential toxigenic M. aeruginosa bloom cycle; the presence of microcystins in the particulate fraction was used to represent a M. aeruginosa bloom period, and higher dissolved microcystin concentrations were assumed to occur as the bloom declined (analogous to using chlorophyll a as a biomass indicator for A. flos-aquae in this system). Linear correlations of high significance are extremely difficult to achieve when the important connections may be more tied to patterns of succession or sequences of events. Therefore, it should be emphasized that correlation analysis was used in this study to identify potential environmental influences on microcystin occurrence (based on results of previous studies) and to support data trends used to form hypotheses concerning the sequence of events required to promote growth of toxigenic cells and the associated increase in microcystin concentrations in Upper Klamath Lake. Among the variables tested, total microcystins (data collected in 2008 and 2009) correlated significantly (p < 0.05) with DIN:DIP ratio; p-values in correlations between water temperature and water column stability (RTRM) measured at site MDN also were near significance at p < 0.1 (table 4). Dissolved microcystins measured in 2008 and 2009 correlated significantly with only water column stability at site MDN, and more variables, TN:TP ratio, DIP, DIN:DIP ratio, pH, and water column stability at site MDN significantly correlated with large particulate (cell associated) microcystin concentrations measured in all years. The negative correlation between large particulate microcystins and DIN:DIP ratio was the most statistically significant relation found in the analysis, and p-values less than 0.1 also were found between microcystins in the large particulate fraction and total phosphorus and dissolved oxygen concentrations. The low p-values obtained from the positive correlations of microcystins in the large particulate fraction with total phosphorus and DIP, along with the significant negative correlations with TN:TP and DIN:DIP ratios (table 4) and increasing concentrations of total phosphorus and DIP over each sample season ( fig. 2) , suggest a possible association between phosphorus availability and the presence of cell associated microcystins (in the large particulate fraction) at sites sampled in all years (MDN and WMR). Water column stability measured at site MDN also correlated significantly or nearly significantly with all forms of microcystins measured, illustrating the tendency for toxigenic cells to produce intracellular microcystins under low mixing (stable water column) conditions. 
Chlorophyll a
In 2009, the first lakewide maxima in chlorophyll a concentrations occurred while total microcystin concentrations were lowest ( fig. 6A) . Total microcystin concentrations began to increase in mid-July near the end of the A. flosaquae-dominated bloom decline, then increased more rapidly during the bloom recovery, beginning July 21 and 27. A corresponding increase in M. aeruginosa cell density also was recorded at sites near those used in the current study (J. Kann, Aquatic Ecosystem Sciences, LLC, unpub. data, 2011) . Between August and mid-September, total microcystin concentrations followed a similar pattern to chlorophyll a concentrations, peaking on August 17 and declining thereafter until the end of the season. As with results of the interannual correlation analysis, no correlation was found between chlorophyll a and large particulate (cell associated) microcystin concentrations in 2009 (table 5), which supports the low detection of microcystin concentrations during the first bloom and the observed high concentrations during the second bloom.
Total and Dissolved Nutrients
As seen in previous years in Upper Klamath Lake, total nitrogen and total phosphorus increased between May and October 2009 ( fig. 6B) . At the onset of both A. flos-aquaedominated blooms (during late-June and late-August; fig. 6A ), total nitrogen increased rapidly with chlorophyll a, suggesting that major bloom expansions during these periods primarily were associated with atmospheric nitrogen sequestration by nitrogen fixation. Benthic fluxes also add nitrogen to the water column (Kuwabara and others, 2007) , as do riverine inputs, but these sources are smaller by comparison (Kann and Walker, 1999) . Total phosphorus increased more steadily than did total nitrogen during the 2009 season ( fig. 6B) , which suggests that internal loading from lake sediments, the most important source of phosphorus to this system, is less of an episodic phenomenon. Results of weekly sampling in 2009 also show that microcystin concentrations were highest after the mid-season increase in total phosphorus and nitrogen following the major bloom decline, and that, although the concentration of dissolved inorganic nitrogen decreased after July 27, concentrations were still sufficient to promote growth of non-diazotrophic, toxigenic strains of M. aeruginosa. Total phosphorus correlated positively with total microcystins (r = 0.61, p = 0.02), dissolved microcystins (r = 0.69, p = 0.01) and with microcystins in the large particulate fraction (r = 0.63, p = 0.01; table 5), and no correlations were found between microcystins and total nitrogen. This suggests a possible relation between microcystin and total phosphorus concentrations in 2009. It is not possible with the available data to determine whether the presence of phosphorus directly influences microcystin occurrence or if both factors are related to some other common variable, particularly because the correlation between large particulate microcystins and total phosphorus in all years combined was not significant at p < 0.05. However, it can be hypothesized that the positive correlation with total phosphorus concentrations in 2009 is due to an indirect association between microcystin occurrence (or M. aeruginosa growth) and phosphorus availability, because bioavailable phosphorus appears to regulate the A. flos-aquaedominated bloom and given the apparent dependence of M. aeruginosa growth on nitrogen-fixation by A. flos-aquae.
Coincident with minimum concentrations of chlorophyll a near the end of July, concentrations of dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP) reached a seasonal maximum as a result of nutrient release during cell lysis and decomposition of senesced phytoplankton (figs. 6C and 6D). These sharp increases and peaks in DIN and DIP concentrations occurred 2 weeks prior to the start of the increase in total microcystin concentrations on July 20 and before the peak in total microcystin concentrations was observed on August 10 ( fig. 2) . This suggests that the increase in available nitrogen and phosphorus promoted growth of both A. flos-aquae (as indicated by increasing chlorophyll a) and toxigenic M. aeruginosa (as indicated by increased microcystin concentrations). Diazotrophic species, such as A. flos-aquae, use DIN preferentially as a nitrogen source over nitrogen-fixation, which is a far more energy-consuming process, so it is likely that these organisms use N 2 after DIN is depleted. Dissolved microcystins correlated positively with DIP (r = 0.53, p = 0.05) and negatively with DIN:DIP ratio (r = -0.55, p = 0.04), but, as with total nitrogen, no correlations were observed between DIN and microcystins in any size fraction. 
Nutrient Ratios
The late-July 2009 increase in total microcystin concentrations coincided with low TN:TP ratios and the second A. flos-aquae -dominated bloom; TN:TP ratios were higher during the first bloom than when this second bloom occurred (figs. 6A and 7A). Concentrations of total nitrogen and total phosphorus increased over the season ( fig. 6B) , so the decrease in TN:TP between the first and second blooms was due to a greater increase in total phosphorus, relative to total nitrogen concentrations, possibly as a consequence of decreased nitrogen-fixation during the A. flos-aquaebloom decline. TN:TP ratios correlated negatively with total, dissolved, and particulate (cell associated) microcystin concentrations (total microcystins: r = -0.69, p = 0.01; dissolved microcystins: r = -0.73, p = < 0.01; large particulate microcystins: r = -0.69, p = 0.01); in correlation analysis using data from all years, only large particulate microcystins were significantly correlated. This result is consistent with other studies (Jacoby and others, 2000; Kotak and others, 2000; Xie and others, 2003) , but does not support interspecific competition for nitrogen as the primary reason for diazotrophic A. flos-aquae dominance (by biovolume) over non-diazotrophic M. aeruginosa in Upper Klamath Lake, at least during mid-to late-summer.
Microcystin concentrations began to increase during the period of higher DIN:DIP ratios (prior to August 1; fig. 7B ) that resulted from the release of nutrients during the first major bloom decline. Concentrations of dissolved microcystins initially peaked along with DIN:DIP (after August 1), but the peak in particulate fraction microcystins was not observed until after the sharp decrease in DIN:DIP, which occurred as nutrient uptake increased during the second A. flos-aquaedominated bloom (figs. 2 and 7B). Therefore, it appears that intracellular toxin production was not adversely affected by the low DIN:DIP ratios (and the accompanying low ammonia concentrations, fig. 6D ) after August 10. Total, dissolved, and large particulate (cell associated) microcystins were negatively correlated with DIN:DIP ratios (total microcystins: r = -0.70, p < 0.01; large particulate microcystins: r = -0.71, p < 0.01; dissolved microcystins: r = -0.55, p = 0.04), in agreement with results of the interannual correlation analysis and with the observed decrease in DIN:DIP prior to the peak in particulate microcystin concentrations.
Particulate Carbon, Nitrogen, and Phosphorus
Changes in median concentrations of total particulate carbon (TPC), total particulate nitrogen (TPN), and total particulate phosphorus (TPP), which represent changes in the population density of primarily A. flos-aquae over time in Upper Klamath Lake, followed patterns similar to that of chlorophyll a (figs. 6A and 8) in 2009, increasing during the first bloom in late June-early July, decreasing during the bloom decline, and increasing again, along with total microcystins, as the second bloom developed in mid-August. As with chlorophyll a, the relatively low median particulate nutrient concentrations in the last half of July corresponded with peaks in median concentrations of dissolved nutrients (figs. 6C and 6D), in that particulate nutrients transitioned into dissolved nutrients during the bloom decline. However, no correlation was found between total particulate nutrient and microcystin concentrations (table 5). Median ratios of TPN:TPP decreased between early July and early August similarly to the pattern observed for the ratio of total nitrogen to total phosphorus (figs. 7A and 8D). Median TPN:TPP ratios of 24-25 were observed along with peak chlorophyll a concentrations during the first A. flos-aquae bloom between June 16 and 23, whereas the median TPN:TPP ratio was closer to 14 during the second peak in the A. flosaquae bloom on August 17. Concentrations of particulate inorganic phosphorus (PIP) were 29 ±12 percent of TPP and exhibited no clear seasonal trend (data not shown), which indicates that ratios of organic PN:PP were closer to 34 or 35 during the first bloom and near 15 during the second bloom. Although the organic particulate material was not composed exclusively of A. flos-aquae, the dominance of A. flos-aquae in phytoplankton biomass of Upper Klamath Lake indicates a lower overall N:P ratio in cells comprising the second A. flos-aquae-dominated bloom, which is consistent with a switch from nutrient-limited to nutrient-replete conditions (Klausmeier and others, 2004) . The most rapid increase and seasonal maxima of total microcystin concentrations (and M. aeruginosa cell densities at adjacent sample sites; J. Kann, Aquatic Ecosystem Sciences, LLC, unpub. data, 2011) occurred with the lowest seasonal TPN:TPP ratios, which accounts for the significant correlation between total particulate nutrient ratios and total and large particulate (cell associated) microcystin concentrations.
Continuous Monitor and Meteorological Variables
In 2009, total and dissolved microcystin concentrations were positively correlated with water column stability measured at site MDN (total: r = 0.51, p = 0.05; dissolved: r = 0.61, p = 0.02; the p-value was low but not significant at p < 0.05 between large particulate microcystins and water column stability: r = 0.46, p = 0.09). Total microcystin concentrations also correlated negatively near significance (p < 0.1) with daily median wind speed (r = -0.48, p = 0.08), which, together with the positive correlation between microcystin concentrations and water column stability, agree with results of the interannual correlation analysis that shows accumulation of toxigenic M. aeruginosa cells, as with A. flos-aquae colonies, occurs in a stable water column. Elevated pH and dissolved oxygen concentrations are characteristic of dense phytoplankton growth, and the non-significant correlation observed between water column pH, dissolved oxygen concentrations, and total or particulate fraction microcystin concentrations may indicate that the increased productivity during bloom development and the large decreases in pH and dissolved oxygen concentrations between the first and second bloom periods (during bloom decline) do not influence microcystin occurrence in the lake.
Spatial Variability of Microcystin Concentrations, 2009
Spatial patterns of large particulate (cell associated) and dissolved microcystins in Upper Klamath Lake directly reflect wind-driven current flow. Prevailing westerly to northwesterly winds create a dominantly clockwise circulation pattern in the lake that results in southward flow that is broad and shallow along the eastern shoreline and narrow flow northward through the deepest part of the lake (the trench) along the western shoreline others, 2006, 2008) . Previous work also has shown that the heaviest accumulation of phytoplankton (and the highest degree of cell senescence during periods of bloom decline) occurs in the deeper areas along the trench (Hoilman and others, 2008) , which is the likely cause of high dissolved and particulate fraction microcystin concentrations measured at site MDT (table 3) in 2009. The highest concentrations of particulate nutrients and chlorophyll a also were measured at site MDT that year (chlorophyll a also was highest at site MDT in 2008; chlorophyll a data were not reported in 2007; Kannarr and others, 2010) , which further indicates that the highest accumulation of buoyant colonies occurs along the western shoreline. Similar results have been reported in other studies of Upper Klamath Lake (Jassby and Kann, 2010; Kann, 2010) . Northward flow through this area appears to have transported particulates to sites WMR and EPT, where relatively moderate to high concentrations of large particulate (cell associated) microcystins were measured. Likewise, shallow flow southward through the middle and eastern portion of the lake may have contributed to the occurrence of moderate dissolved and higher particulate microcystin concentrations at site RPT, the southernmost site ( fig. 9) .
Between August 10 and September 14, 2009, samples for microcystin analysis were collected at discrete depths (one-quarter and three-quarters depths in the water column) at the deep sites, MDT and EPT, in order to determine whether microcystin concentrations varied in a consistent way with depth. However, the results of ANOVA and two-sample t-tests indicated no significant differences between microcystin concentrations (any size fraction) in samples from the upper and lower portions of the water column. In addition, no significant relation was found in correlation analyses between the microcystin concentrations (any size fraction) collected at the upper or lower depths and with nutrient (dissolved or particulate) concentrations collected at the same time and at the same depths (results not shown).
affinity to absorb dissolved inorganic nitrogen (Takamura and others, 1987) , can store large amounts of intracellular phosphorus as polyphosphate (Jacobson and Halmann, 1982) , and can take up phosphorus directly from attached bacteria (Jiang and others, 2007) . Microcystis sp. cells also can tolerate strong irradiance (Paerl and others, 1985) , overwinter as vegetative cells (without sporulating; Preston and others, 1980) , and, like A. flos-aquae, they can adjust their buoyancy to occupy the best position for receiving optimum light intensity for photosynthesis (Ibelings and others, 1991) . Such characteristics contribute to the success of Microcystis sp. in temperate and tropical climates, but the ability of this microorganism to coexist in direct competition with A. flosaquae is unknown because there have been few, if any, direct comparisons between their critical physiological parameters (Yamamoto, 2009) . Recent in situ nutrient enrichment experiments in the Copco and Iron Gate Reservoirs on the Klamath River, California, showed that, during the summer, nitrogen was frequently the primary nutrient limiting growth of M. aeruginosa and microcystin concentration, although changes in per-cell toxin content or the ratio in abundances of toxic versus nontoxic strains could have contributed to the observed trends (Kann and Corum, 2009; Bozarth and others, 2010) . The effects of nitrogen addition were clearest when biomass and overall microcystin concentrations were lowest, and, on several occasions, secondary phosphorus limitation was observed (cell abundance increased when phosphorus was added in combination with nitrogen; Moisander and others, 2009) .
The ecological relation between M. aeruginosa and A. flos-aquae, whether it is competitive, facilitative, or neutral, has implications for the management of Upper Klamath Lake. If the relation is competitive, the occurrence of toxigenic M. aeruginosa may increase if nutrient management (reduction of phosphorus inputs, the focus of most proposed plans) successfully limits the A. flos-aquae bloom. However, if the relation is facilitative, an overall decrease or elimination of A. flos-aquae also may eliminate M. aeruginosa, given that this species already occurs in low abundance here. These alternatives can not be evaluated definitively with the data collected in the current study, and the relation between A. flosaquae and M. aeruginosa may be more complex and variable throughout the season, but the results of this work do permit the creation of testable hypotheses, primarily the hypothesis that toxigenic M. aeruginosa and microcystin occurrence are associated with the second of two A. flos-aquae-dominated blooms observed in most years. The most notable difference in lake conditions between 2007 and 2009 was the timing of the dominant bloom cycle and severity of the first bloom decline. In years with the highest microcystin concentrations, the first bloom declined sharply in July (mid-July in 2007 and late July in 2009) and was followed by a second bloom about 2 weeks later. In contrast, only one bloom was observed in 2008, which declined later and did not culminate until about the third week in August (Kann, 2010) . This resulted in the highest concentrations of DIP and DIN occurring relatively late that 
Relation Between Microcystis aeruginosa and Aphanizomenon flos-aquae
Unlike A. flos-aquae, M. aeruginosa does not fix nitrogen, which, at times, appears to be a growth-limiting nutrient for phytoplankton in Upper Klamath Lake, given the dominance of diazotrophic cyanobacteria, such as A. flos-aquae (Reuter and others, 1993) . However, members of the Microcystis genus are highly adaptable and frequently become the dominant organism in eutrophic systems, including reservoirs of the Klamath River (Jacoby and Kann, 2007; Moisansder and others, 2009 ) and other Oregon lakes (Barbiero and Kann, 1994) . Microcystis sp. have a high year and, together with the patterns in dissolved nutrient concentrations and ratios observed other years, leads to an additional hypothesis that toxigenic M. aeruginosa growth and (or) microcystin occurrence is stimulated directly by the release of DIN during the major A. flos-aquae-dominated bloom decline but is dependent, overall, on the presence of phosphorus to regulate growth and decline of A. flos-aquae.
In Upper Klamath Lake, nitrogen fixation by A. flosaquae early in the season, when concentrations of A. flosaquae typically are highest, may facilitate the growth of toxigenic M. aeruginosa after the first major bloom decline by supplying new nitrogen to the system as A. flos-aquae cells lyse and decompose; this appears to be a stronger relation in years, such as 2009, with a well-defined, lakewide bloom cycle. However, because the A. flos-aquae -dominated bloom cycle appears to be regulated more by changes in phosphorus availability (given that A. flos-aquae is able to fix N 2 when DIN is not available), support of M. aeruginosa growth by an increase in new nitrogen favors phosphorus availability indirectly as a more important factor overall for regulation of microcystin concentrations. This also helps to explain the observed seasonal patterns in microcystin and chlorophyll a concentrations and why correlations were significant between microcystin and total or dissolved phosphorus concentrations in 2009 and not significant between microcystin and nitrogen (TN or DIN) concentrations. The results of this study show that high concentrations of DIN and DIP followed the major lakewide bloom decline in 2009 and may have promoted growth of toxigenic M. aeruginosa (as indicated by the occurrence of microcystins) in concert with the development of a second large A. flos-aquae bloom. These patterns were also observed in previous analyses of cyanobacterial blooms in Clear Lake, California, where summer release of ammonia from the decomposition of the spring A. flos-aquae bloom and the presence of naturally abundant phosphorus stimulated Microcystis growth and recovery of the dominant bloom former, A. flos-aquae (Horne, 1975; Horne and Goldman, 1994) . Similar to results of the Clear Lake study, the microcystin data presented here do not indicate growth of toxigenic cells during the first A. flos-aquae bloom. Results of monthly sampling collected in 2007 do not provide the same temporal resolution as 2009 data, but the highest microcystin concentrations measured that year occurred on August 1, about 2 weeks after the bloom decline and 2 weeks earlier than the highest concentrations measured in 2009. Results of alternateweek sampling in 2008 showed uniformly low concentrations relative to the other 2 years, which probably is related to the absence of a large, early A. flos-aquae-dominated bloom and the late (and less severe) bloom decline observed that year.
In 2009, M. aeruginosa began to increase with the major decline in the A. flos-aquae bloom, was at very low concentrations prior to that decline, and continued to increase rapidly during the second A. flos-aquae bloom that followed the decline. Therefore, growth of toxigenic M. aeruginosa may be favored by the decrease in A. flos-aquae during the bloom decline (if these species compete directly) and by the increased availability of nutrients (both DIN and DIP) during this time, but the occurrence of toxigenic M. aeruginosa does not seem to be adversely affected by the return of the A. flos-aquae bloom later in the season. M. aeruginosa appears to continue growing and (or) producing microcystins while co-existing with A. flos-aquae during the second bloom. As such, the relation between these species appears to have shifted in the latter half of the season from being based on competition to being more neutral, although other factors, independent of resource competition with A. flos-aquae, may have kept microcystin concentrations low earlier in the season. However, the difference in nitrogen to phosphorus ratios (TN:TP and TPN:TPP) measured between the first and second A. flos-aquae blooms should be noted, in that they indicate changes in nitrogen-to-phosphorus stoichiometry in phytoplankton cells under different environmental conditions. The determinants of optimal cellular nitrogen:phosphorus stoichiometry under different ecological scenarios have been previously derived and modeled (Klausmeier and others, 2004) and, in Upper Klamath Lake, indicate that the higher nitrogen to phosphorus ratios during the first A. flos-aquae bloom may have resulted from the allocation of more nutrients to phosphorus-poor cellular resource-acquisition machinery (for photosynthesis and nitrogen fixation) under competitive equilibrium. Likewise, the lower nitrogen to phosphorus ratios characteristic of the second A. flos-aquae bloom may have resulted from cells using more nutrients for phosphorus-rich protein assembly machinery (ribosomes) during exponential growth under nutrient replete conditions. If so, it is plausible that A. flos-aquae may have lower physiological requirements for nitrogen than toxigenic M. aeruginosa and, therefore, may "share" more nitrogen during the second bloom. A facilitative relation between diazotrophic and non-diazotrophic groups, in which the presence of the diazotrophs supported a larger population of non-diazotrophs than possible in the absence of the diazotroph, was recently observed in a marine environment (Agawin and others, 2007) . The degree to which the relation between M. aeruginosa and A. flos-aquae is facilitative or neutral may be an important factor for determining the effects of using nutrient reduction to diminish or eliminate the A. flos-aquae bloom on the presence of M. aeruginosa and microcystins in Upper Klamath Lake.
Implications for Juvenile Sucker Health
Between 2007 and 2009, microcystin concentrations in the large (> 63 µm) particulate (cell assoicated) fraction measured in water column samples were elevated, which suggests a potential threat of microcystin exposure to fish and other wildlife ingesting particulates in Upper Klamath Lake. Poor water quality (extremely low dissolved oxygen concentrations, high pH, and elevated ammonia concentrations) has been proposed as a contributing factor for occasional periods of high mortality and overall population decline in Lost River and shortnose suckers (Martin and Saiki, 1999; Saiki and others, 1999) . However, sharp decreases in age-0 catch rates between August and September over the last 5 years (Bottcher and Burdick, 2010) , combined with low catches of age-1 and older suckers (Hendrixson and others, 2007; Terwilliger and others, 2008) indicate that juvenile suckers suffer widespread, episodic mortality during the first 2 years of life. The mechanism for this mortality is not known, but as many as one-half of juvenile suckers collected from Upper Klamath Lake in 2007 (VanderKooi and others, 2010) and 14 percent of juveniles collected from the central and northern regions of the lake in 2009 (n = 36; C. Ottinger, U.S. Geological Survey, unpub. data, 2010) exhibited liver or kidney damage consistent with microcystin ingestion. Furthermore, the disappearance of juvenile suckers from trap net catches has occurred 2 to 3 weeks after peak concentrations of microcystins have been measured (Burdick and others, 2009; Bottcher and Burdick, 2010) .
Observational field studies and tissue analyses have documented the effects of microcystin exposure in whitefish (Ernst and others, 2001) , tilapia (Magalhaes and others, 2001) , and flounder (Sipia and others, 2001 ), but few studies have evaluated the primary mechanisms of cyanotoxin exposure in natural environments, oral ingestion (by feeding), and passage of dissolved toxins across gill membranes (Malbrouck and Kestemont, 2006) . Recently, a preliminary risk assessment of shortnose and Lost River sucker microcystin exposure was conducted to determine the daily dry weight dosage per kilogram of live fish weight (Malbrouck and Kestemont, 2006) based on microcystin concentrations measured in 2007 (when the highest concentrations of particulate fraction microcystins were observed). If these fish consume 1 percent of their body weight per day of (dried) toxigenic cyanobacteria producing the most toxic microcystin isomer, microcystin-LR (these factors are currently unknown), at the peak microcystin concentration observed in this study (1.42 µg/mg dry weight; measured in 2007), a fish weighing 1 kg would receive a dose of 14,150 (µg/kg)/d (K. Echols, U.S. Geological Survey, written commun., 2007). This value is approximately 25 times the LC50 intra-peritoneal dose (the concentration required for 50 percent mortality) of microcystin-LR (550 µg/kg) for carp (Rabergh and others, 1991) and trout (Tencalla and others, 1994) . Juvenile suckers (and larvae) may be more susceptible to toxins than adults (fish weighing closer to 1 kg) because of their larger surface area-to-volume ratios, higher metabolic rates, and the vulnerability of their key developmental processes. However, more work is needed to understand the dietary intake of toxigenic species in these fish, the concentration (or concentration range) of ingested microcystins that damage liver tissue and promote mortality in juvenile suckers, and if sufficient microcystin concentrations to cause the tissue damage or mortality rates observed are present within the materials these fish consume in Upper Klamath Lake.
Summary and Conclusions
As an extension of the long-term water quality monitoring program on Upper Klamath Lake and to support the U.S. Geological Survey's effort to determine the causes of juvenile Lost River and shortnose sucker population decline, water samples were collected between 2007 and 2009 and analyzed for intracellular (particulate) and extracellular (dissolved) microcystins and cylindrospermopsins. Measurements using enzyme-linked immunosorbent assays (ELISA) showed that microcystin concentrations at sampled sites were much higher than cylindrospermopsins, which were not present in most samples analyzed. In all years of the study, microcystins occurred primarily in dissolved and large (> 63 µm) particulate forms, rather than in the small (1.5-63 µm) particulate form and at concentrations that may pose a threat to fish and other wildlife. In 2009, the first lakewide Aphanizomenon flosaquae-dominated bloom, as indicated by chlorophyll a concentrations, occurred while microcystin concentrations generally were lowest. However, after the bloom recovered, microcystin concentrations followed a similar pattern to those of chlorophyll a. Microcystin concentrations (daily median values) also increased with total nitrogen and total phosphorus concentrations, which, in turn, increased rapidly with chlorophyll a during the second bloom of the season. Peak concentrations of dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP) accompanied the minimum in chlorophyll a near the end of July and decreased as total microcystin concentrations began to increase. Ratios of total nitrogen to total phosphorus (TN:TP) decreased sharply, relative to early-season conditions, during the second A. flos-aquae-dominated bloom and as microcystin concentrations increased. Early increases in microcystin concentrations coincided with seasonally high DIN:DIP ratios, but particulate microcystin concentrations continued to rise after a sharp decrease in DIN:DIP occurred, suggesting that intracellular microcystin occurrence was not adversely affected by low DIN:DIP ratios or by the accompanying low ammonia concentrations.
Changes in median concentrations of total particulate carbon, total particulate nitrogen, and total particulate phosphorus over time followed a pattern similar to that of chlorophyll a and exhibited sharp decreases that corresponded with peaks in median concentrations of dissolved nutrients. Median total particulate nitrogen to total particulate phosphorus (TPN:TPP) ratios were higher during the first A. flos-aquae bloom than during the second bloom peak in midAugust when total microcystins increased most rapidly.
Understanding the ecological interactions between M. aeruginosa and A. flos-aquae in Upper Klamath Lake is important for implementing effective lake management, in that activities (including the limitation of phosphorus inputs), which may affect the growth and abundance of A. flos-aquae will likely influence the presence of toxigenic Microcystis aeruginosa. Early in the sample season, nitrogen fixation by the abundant A. flos-aquae population appears to provide new nitrogen to facilitate growth of toxigenic cells (and other nondiazotrophs), which suggests that, because phosphorus plays a major role in regulating the dominant bloom cycle, limited phosphorus availability may be indirectly important for regulating growth of these groups. Later in the season, these species appear to co-exist mutually, rather than compete for resources, and the lower nitrogen to phosphorus ratios (TN:TP and TPN:TPP) measured during this time indicate that, on the cellular level, more nutrients may be allocated to exponential growth rather than to resource-acquisition machinery, which is more heavily supported under competitive equilibrium early in the season when nutrient concentrations are low.
Results of this study contribute to understanding the spatiotemporal dynamics of microcystin occurrence in Upper Klamath Lake and the possible environmental influences on microcystin concentrations or changes in the biomass of microcystin producers. Analyses of data collected between 2007 and 2009 have led to the formation of testable hypotheses that will become the focus of future monitoring and research. In particular, growth of toxigenic M. aeruginosa and elevated microcystin concentrations appear to be linked with the second A. flos-aquae-dominated bloom in years with a well-defined cycle of growth and decline (two bloom periods typically are observed) as a result of the large increase in dissolved nutrients released from decomposing cells. In addition, although toxigenic M. aeruginosa growth and (or) microcystin production are likely dependent on the release of DIN following the first major A. flos-aquae-dominated bloom decline (A. flos-aquae is diazotrophic and M. aeruginosa is not), time-series and correlation analyses suggest that the occurrence of microcystins in Upper Klamath Lake may be strongly regulated, indirectly, by phosphorus availability, which, in turn, drives the seasonal A. flos-aquae-dominated bloom cycle. Furthermore, ongoing and future collaborative work with fishery biologists, chemists, and specialists in other disciplines is needed to determine if the endangered suckers in Upper Klamath Lake consume toxigenic cyanobacteria through the food chain and if these fish consume microcystins at concentrations necessary to promote significant tissue damage and mortality. Knowledge of the environmental, physiological, and ecological factors that regulate microcystin production in Upper Klamath Lake is critical for effective lake management, minimization of health risks to wildlife, livestock, and humans, and for understanding the risk of toxin exposure to endangered populations of native fish species inhabiting the lake.
In the present study, 17 percent of the 2007 microcystin samples and 20 percent of the 2008 and 2009 microcystin samples were collected for quality assurance. Each of the quality-assurance sample types, split samples and method replicate samples, were collected on alternate sample weeks in 2007 and 2009, but only method replicate samples were collected for microcystin analysis in 2008. Split samples were collected by dividing a single (composite) volume of lake water with a churn splitter, and were used to determine the variability in the laboratory method for microcystin analysis. Replicate samples were collected twice in rapid succession from the same location and analyzed to determine variability in the sample environment and analytical method. Qualityassurance samples were filtered, as were the primary samples, to create dissolved, small particulate (1.5-63 µm), and large particulate (> 63 µm) fractions, and the fractions were analyzed separately for microcystin concentrations. Therefore, the different fractions presented in table A1 within each year and each quality-assurance sample type are from the same environmental samples (for example, two split samples and three replicate samples were collected in 2007, and those samples were each divided into three fractions).
Results of quality-assurance sampling indicate that the variability in concentrations attributable to analysis and sampling methods was less than seasonal variability in each sample year (table A1) . High median percent differences between the primary and quality-assurance (split or replicate) samples were generally observed when microcystin concentrations were near the method detection limit. This occurred with the small particulate fractions of quality-assurance samples collected in 2007 and 2008; in 2009, 71 percent of the small particulate fractions of qualityassurance samples contained microcystin concentrations less than the method detection limit, which is why table A1 shows 0 median percent difference in samples collected that year. Of the 3 years, samples collected in 2008 exhibited the highest variability within the dissolved and particulate fractions. The relative percent differences between primary and split or replicate samples of chlorophyll a and phaeophytin a also were generally higher in 2008 than in 2009 or 2006 (chlorophyll a data collected in 2007 were not reported), in that more of the quality-assurance samples collected that year varied by 30 percent or more (Kannarr and others, 2010; Lindenberg and others, 2009) . Similar results were obtained in quality-assurance analyses of total nutrient samples between 2006 and 2009. This suggests that much of the variability in microcystin quality-assurance samples collected in 2008 may be due to increased spatial variability (manifested as temporal variability at the sampling site) in the phytoplankton bloom that year and lower overall microcystin concentrations relative to 2007 and 2009. Median percent differences in large particulate microcystin concentrations between the primary and qualityassurance samples were greater than 20 percent when measured as micrograms per liter in all years. However, with the exception of the 2009 split samples, when these concentrations were expressed on the basis of mass per dry weight of suspended solids, the relative percent differences were lower by more than 10 percent. These values were obtained from the same environmental samples, so the observed concentration variability may be a result of the method used for measuring microcystin concentrations within the solid phase of the water samples (that is, in measuring suspended material concentrations). In 2009, a high median percent difference was observed in the large particulate fraction of split samples reported as either micrograms per liter or micrograms per gram. Relative percent differences between split and primary samples were greater than 20 percent that year on July 21 (85 percent), July 27 (28 percent), and August 24 (27 percent) when the phytoplankton density was very low (as indicated by chlorophyll a concentrations and observations of field crew); microcystin concentrations were well above the detection limit. It is, therefore, likely that the concentration variability in these samples was due to the low volume of biomass collected. Table A1 is available in a Microsoft© Excel workbook, which can be downloaded from http://pubs.usgs.gov/ sir/2012/5069/.
Appendix A. Quality Control and Quality Assurance of Water Samples
